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ifferent fast gas chromatography –
mass spectrometry techniques (Cold EI, MS/MS,
and HRMS) for the analysis of pyrethroid insecticide
residues in food†‡

Nicolás Michlig, a Aviv Amirav, bc Benny Neumarkb and Steven J. Lehotay *a

In the multiclass, multiresidue analysis of pesticides in food and environmental samples, pyrethroid

insecticides are generally more difficult to analyze than other types of analytes. They do not ionize well

by electrospray ionization, and although they are suitable for analysis by gas chromatography-mass

spectrometry (GC-MS), selectivity using standard electron ionization (EI) in GC-MS is often insufficient

because the molecular ion is rarely present. Many pyrethroids tend to have the same fragment ions in

MS or high-resolution (HR)MS, and similar ion transitions in tandem MS/MS, leading to difficulties in

distinguishing different pyrethroids from each other and chemical interferences in complex matrices. In

this study, different forms of fast GC coupled with different types of MS detectors were compared for

the analysis of up to 15 pyrethroids in barley extracts as a test case to assess which approach was the

most advantageous. The three studied GC-MS techniques consisted of Cold EI using supersonic

molecular beams in selected ion monitoring (SIM) mode with a single quadrupole instrument; triple

quadrupole MS/MS; and HRMS using an orbital ion trap (orbitrap). A higher flow rate was used in Cold EI,

and low pressure (LP) GC was employed in the MS/MS and orbitrap methods, to speed up the GC

analyses (<10 min chromatograms in all cases). Each technique had some advantages over the others

depending on specific pyrethroid analytes in the matrix. Nontargeted LPGC-orbitrap typically yielded the

highest selectivity, but it rarely achieved the needed detectability to quantidentify the residues at 10 ng

g−1. Cold EI-SIM and LPGC-MS/MS usually met the needed detection limits and generally achieved

similar capabilities for the targeted pyrethroids.
1 Introduction

Currently, pesticide residues in food, environmental, and other
matrices are most commonly analyzed by both gas and liquid
chromatography coupled with triple quadrupole tandem mass
spectrometry (GC-MS/MS and LC-MS/MS). However, MS/MS is
a targeted approach with a limited number of analytes that can
be monitored in 10–40 min chromatograms. Multiclass, mul-
tiresidue methods typically target 300–350 pesticides, but more
than 1600 pesticides could be applied during crop production,
leading to a great shortfall in the analytical monitoring scope.
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Any nontargeted pesticide illegally present in the sample would
be a false negative, and the purpose for the analyses would be
partially unmet. Furthermore, the regulatory need generally
calls for 10 ng g−1 limits of quantication (LOQs) for unregis-
tered pesticides in food crops. Only MS/MS currently meets this
need for most of the pesticide analytes due to its optimized
conditions for high sensitivity and selectivity for each analyte.
However, the limited scope of analysis in MS/MS calls for
a major improvement in the way pesticides are analyzed.

In full-scan GC-MS using standard electron ionization (EI),
the selectivity against matrix interference was found to increase
by about 20-fold per 100 m/z increase.1 Thus, the use of
molecular ions (M+) in MS-based methods tends to greatly
enhance selectivity (and thereby lower LOQs) in the analysis of
pesticides in agricultural products. Electrospray ionization (ESI)
commonly used in LC-MS methods predominantly generates M
+ H ions in the positive mode, which serves as a main reason for
its ability to achieve such low LOQs in complex matrices. EI in
GC-MS induces greater fragmentation, which can be helpful to
better identify the analytes, but the frequent lack of M+ in the
mass spectra worsens selectivity and increases LOQs. Cold EI
Anal. Methods, 2024, 16, 5599–5618 | 5599

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ay00858h&domain=pdf&date_stamp=2024-08-10
http://orcid.org/0000-0003-2095-3936
http://orcid.org/0000-0003-4982-7984
http://orcid.org/0000-0002-5934-7469
https://doi.org/10.1039/d4ay00858h
https://doi.org/10.1039/d4ay00858h
https://pubs.rsc.org/en/journals/journal/AY
https://pubs.rsc.org/en/journals/journal/AY?issueid=AY016032


Analytical Methods Paper

Pu
bl

is
he

d 
on

 2
3 

Ju
ly

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
2/

21
/2

02
5 

9:
21

:5
5 

A
M

. 
View Article Online
using supersonic molecular beams (SMBs) in GC-MS nearly
always enhances the intensity of the M+ peak, among many
other advantageous features, leading to both increased selec-
tivity and sensitivity.

Unlike GC-MS using standard EI, Cold EI entails the ioni-
zation of vibrationally cold sample compounds in the SMB that
are directed through a contact-free y-through ion source. This
type of ionization using the y-through source is more efficient
than standard EI, and even though the M+ is enhanced, enough
fragmentation still occurs to provide accurate searching and
identication of analyzed chemicals in commercial MS
libraries. An increased GC column ow rate can be used in Cold
EI to greatly increase the speed of analysis and extend the range
of low-volatility and thermally labile compounds without
decreasing sensitivity. Cold EI was developed by Amirav and his
group in 1990,2,3 reviewed,4,5 and published in a book.6 Its
features and applications are highlighted in several papers.7–16
Fig. 1 Chemical structures (from PubChem), exact massmonoisotopicm
16 pyrethroids in this study, including prallethrin.

5600 | Anal. Methods, 2024, 16, 5599–5618
Pyrethroid insecticides are a particularly difficult class of
commonly applied pesticides to analyze by multiclass, multi-
residue methods. Pyrethroids are synthetic compounds related
to natural pyrethrins that have been extensively used in many
agricultural crops for decades due to their reduced acute toxicity
and low environmental persistence compared to organophos-
phate and organochlorine insecticides. Pyrethroids are esters of
chrysanthemic acid [2,2-dimethyl-3-(2-methylprop-1-enyl)
cyclopropane-1-carboxylic acid], and depending on their
chemical structures, they are classied as either type I or II.
Type II pyrethroids have a cyano group at the a-carbon of the
ester, unlike type I. Fig. 1 shows the chemical structures of type I
(allethrin, bifenthrin, etofenprox, permethrins, phenothrin,
prallethrin, resmethrin, and tetramethrin) and type II
compounds (cyuthrin, l-cyhalothrin, cypermethrin, cypheno-
thrin, deltamethrin, es/fenvalerate, fenpropathrin, and uvali-
nate). The base fragment ion peaks in standard EI-MS are
olecular ions (m/z), and standard EI-MS base peak fragment ions of the

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Number of times in the USDA Pesticide Data Program among
305 773 food samples from 1994–2022 that the listed pyrethroids
were detected (note: not all pyrethroids were monitored in all years).
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circled in each structure, and Table S1 (ESI‡) provides the
relative abundances for each exact mass ion in high-resolution
(HR)MS as described in the table caption.

In real-world monitoring of foods, Fig. 2 lists the number of
determinations of pyrethroid residues among 305 773 samples
from 1994–2022 involving 133 diverse types of foods and
beverages in the USDA Pesticide Data Program.17 In all, 40 495
samples were reported to contain at least one pyrethroid
insecticide, and Fig. 3 plots the number (and %) of pyrethroids
that were found in these positive samples. No sample contained
more than 5 pyrethroids. These 6 samples (0.015% of the
positives) consisted of kale (3), frozen spinach, mustard greens,
and a peach. The latter was analyzed in 2013, and the 5 others
were from 2017–2019. All 6 samples contained 2–84 ng g−1

bifenthrin, 13–469 ng g−1 cyuthrin, and 3–510 ng g−1 l-cyha-
lothrin; 5 contained 31–860 ng g−1 cypermethrin and/or 2–1400
ng g−1 permethrins, and one each out of the 6 contained 26 ng
g−1 es/fenvalerate or 13 ng g−1 fenpropathrin. As shown in
Fig. 2, these constitute the top 7 pyrethroids reported in PDP
samples, but for reasons shown in this work, an unknown small
Fig. 3 Number of times (and %) in the USDA Pesticide Data Program
from 1994–2022 in which at least 1 pyrethroid was detected in 40 495
food samples.

This journal is © The Royal Society of Chemistry 2024
number of false positives likely met analytical conrmation
criteria, especially at ultra-trace concentrations.

The PDP is intended for risk assessment purposes, not
regulatory enforcement monitoring, so low LOQs are desired. In
the 40 495 reported positives in Fig. 2 and 3, the determined
pyrethroid concentrations were <1 ng g−1 (0.73%), 1–10 ng g−1

(28.0%), 10–100 ng g−1 (42.4%), 100–1000 ng g−1 (19.2%) and
>1000 (9.7%). As shown in Table 1 with respect to the PDP, GC-
MS/MS has served as the most widely used technique for the
analysis of pyrethroids. In monitoring labs, the selective
detectors in GC were replaced by GC-MS about 20 years ago,
which has been supplanted by GC-MS/MS in the past decade.
LC-MS/MS has only started to be used for pyrethroids in the past
few years, which can be tracked in the PDP by searching the
online database by year.17

In standard EI, pyrethroids undergo extensive fragmentation
oen with a weak or absent M+. The main fragments usually
have low m/z that is common among many pyrethroids.
Geometric isomers abound in the pyrethroid structures, oen
leading to complications in their chromatographic separations.
Some pyrethroids can have 4 or 8 stereoisomers that are usually
resolved into 2 or 4 enantiomeric peaks in conventional
chromatography.18–20 Adding to the difficulties, pyrethroid
isomers can be inter-converted during sample preparation or
GC analysis, affecting their results.21,22 Furthermore, thermally
labile pyrethroids, like tralomethrin, can be converted to del-
tamethrin in a reproducible way during GC injection.23

In the literature, LC-ESI-MS/MS was shown to perform well
in the analysis of 30 pyrethroids in fruits and vegetables.24

Similarly, LC-ESI-MS/MS and LC-ESI-quadrupole (Q)/HRMS
gave good performance for 19 pyrethroids in tea and orange.25

However, the conditions used in those methods were tailored
for pyrethroids only, and the same conditions would not work
as well for other classes of pesticides. Even so, some labs choose
to sacrice some performance factors by including pyrethroids
in their multiclass, multiresidue methods using LC-MS/MS.
However, if they only use LC-MS methods for monitoring, this
also sacrices many other nonpolar pesticides that can only be
analyzed by GC. If a lab wishes to achieve the widest analytical
scope, then GC is still needed, and if they use GCmethods, then
those methods should include pyrethroids.

Thus, multiclass, multiresidue analysis of foods (and other
matrices) currently involve both GC and LC separations to cover
the broad range of pesticides and other types of analytes that
need to be monitored. Furthermore, it is better to include as
many analytes as possible in MS-based detections in both LC
Table 1 Percent of times among 40 182 determinations and 39 688
confirmations in the USDA Pesticide Data Program of pyrethroid
residues in 305 773 food samples from 1994–2022 that each tech-
nique was used in the analysis

Analyte Determination Conrmation

GC (not MS) 16.0% 13.8%
GC-MS 15.9% 17.4%
GC-MS/MS 62.7% 67.7%
LC-MS/MS 1.0% 1.1%

Anal. Methods, 2024, 16, 5599–5618 | 5601
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and GC for the sake of duplication and verication of ndings
via orthogonally selective methods.26

The aim of this study was to compare the capabilities of 3
different MS detection techniques (Cold EI, MS/MS, and orbi-
trap HRMS) coupled with fast-GC separations of 15 pyrethroids
in the quick, easy, cheap, effective, rugged, safe, efficient, and
robust (QuEChERSER) mega-method extracts of barley.27–29

Although only pyrethroids are the focus of this report, the full
QuEChERSER validation study included 525 pesticides, envi-
ronmental contaminants, veterinary drugs, and mycotoxins,
which will be reported separately elsewhere.
2 Materials and methods
2.1 Reagents and standards

Reference standards of high-purity pyrethroid insecticides were
obtained from the EPA National Pesticide Repository (Fort
Meade, MD; USA), ChemService (West Chester, PA; USA), or
AccuStandard (New Haven, CT; USA). Shikimic acid used as an
analyte protectant in low-pressure (LP) GC was from Sigma-
Aldrich (St. Louis, MO; USA). MS-grade acetonitrile (MeCN)
was from Fisher Scientic (Pittsburgh, PA; USA). Solid-phase
extraction (SPE) mini-cartridges for automated cleanup via
instrument-top sample preparation (ITSP), consisting of 20 mg
anh. MgSO4, 12 mg each of C18 and primary secondary amine,
and 1 mg CarbonX, were purchased from ITSP Solutions
(Hartwell, GA; USA). Also, 15 mL polypropylene (PP) centrifuge
tubes containing 2 g of 4/1 (w/w) anh. MgSO4/NaCl were from
Agilent (Little Falls, DE; USA).
2.2 Sample preparation

QuEChERSER extracts of milled barley were obtained by
weighing 2 g test portions into 15 mL PP centrifuge tubes and
adding 10 mL of 4/1 (v/v) MeCN/water. The tubes were capped
and vortexed for 10 min using a Glas-Col (Terre-Haute, IN; USA)
platform pulsed shaker at 80% intensity with maximum
pulsation. Then the tubes were centrifuged for 3 min at room
temperature and 3711 rcf using a Kendro (Osterode, Lower
Saxony; Germany) Sorvall Legend RT swinging bucket centri-
fuge. A 200 mL aliquot was taken from each extract for separate
LC-MS/MS analysis of LC-amenable analytes, and the remaining
Table 2 Detection parameters used in the analysis of 9 pyrethroids anal
including isotopologues) and the MS base ion peak (ion 3), except for
nonhalogenated pyrethroids. M + 2 and M + 4 were chosen for multi-h

Analyte M+ (m/z) tR (min)

Bifenthrin 422.1 3.64
Cyuthrin 433.1 4.17
l-Cyhalothrin 449.1 3.86
Cypermethrin 415.1 4.24
Deltamethrin 503.0 4.58
Permethrins 390.1 4.02
Phenothrin 350.2 3.70
Resmethrin 338.2 3.49
Tetramethrin 331.2 3.57

a nd = not done.

5602 | Anal. Methods, 2024, 16, 5599–5618
z9.8 mL supernatant was then decanted into QuEChERSER
salt tubes listed in Section 2.1, which were shaken for 1 min
followed by centrifugation as before. For ITSP cleanup, 800 mL
aliquots of the upper layers were transferred to amber glass
autosampler vials, and 300 mL of each extract was passed
through 45 mg ITSP mini-cartridges at 2 mL s−1 into the
receiving vial (yielding z220 mL) for injection of 3 mL into each
respective GC-MS system. The nal extracts were equivalent to
0.25 g sample per mL, and 0.75 mg equivalent sample was
injected.
2.3 Instrumental analysis

2.3.1. Cold EI-MS. For Cold EI, an Agilent 7890A GC was
used tted with a 15 m, 0.32 mm I.D., 0.1 mm lm DB1HT
column. The high-purity He ow rate was 8 mLmin−1 for 6 min,
which was then increased to 24 mL min−1 for 2 min to ush out
low volatility compounds. The oven temperature was 90 °C for
0.3 min followed by a 40 °C min−1 increase to 310 °C and wait
until 8 min. Injection of 3 mL sample in MeCN was performed in
splitless mode at 270 °C using a Jennings cup liner without
glass wool. The MS was an Agilent 5975B single quadrupole
instrument from 2008 that was upgraded to Cold EI in 2010
using the SMB interface with a dual cage y-through contactless
ion source. The MS analysis was performed using selected-ion
monitoring (SIM) mode targeting 3 ions each for 9 pyre-
throids with 30 ms dwell times yielding up to 12 ions in each
time segment. An Agilent Chemstation was used for data pro-
cessing with the retention times (tR) and ions for the listed
pyrethroids are given in Table 2.

2.3.2. LPGC-EI-MS/MS. The fast GC conditions using Cold
EI were not compatible in MS/MS or orbitrap due to a higher
ow rate than what the instruments could handle, and the Cold
EI ion source is at atmospheric pressure, so it is not compatible
with LPGC. Both approaches yield fast-GC performance, as
demonstrated in this comparison study. For LPGC-MS/MS, an
Agilent 7890A/7010 GC triple quadrupole tandem MS instru-
ment coupled with a Gerstel (Linthicum, MD; USA) MPS3
programmable robotic autosampler was used. GC separation
was perfprmed using a 5 m, 0.18 mm i.d. uncoated restrictor
capillary guard column connected to a 15 m, 0.53 mm i.d., 1 mm
thickness lm Rtx-5MS analytical column plus an extra 1 m
yzed by Cold EI-MS in time-shared SIM mode for the M+ (ions 1 and 2,
cyfluthrin. M + 2 was monitored for analytes with Cl, and M + 1 for
alogenated deltamethrina

Ion 1 (m/z) Ion 2 (m/z) Ion 3 (m/z)

422.1 424.1 181.1
433.0 435.0 209.1
449.1 451.1 208.1
415.1 417.1 209.1
505.1 507.1 253.0
390.1 392.1 183.1
350.2 351.2 183.1
338.2 339.2 171.1
331.1 Nd 164.1

This journal is © The Royal Society of Chemistry 2024
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uncoated 0.53 mm i.d. integrated transfer line (Restek, Belle-
fonte, PA; USA). A volume of 3 mL nal extract + 1 mL of 1 mg per
mL shikimic acid in 9/1 MeCN/water was injected into a Restek
Topaz low-pressure drop liner with glass wool in splitless mode
at 280 °C. A pressure pulse of 40 psi for 0.75 min was used to
avoid excess solvent vaporization expansion. The initial oven
temperature was 80 °C for 1 min, ramped to 320 °C at 45 °
C min−1, which was held until 10 min. The high-purity He
carrier gas ow rate was 2.25 mL min−1 for 3 min, followed by
1.5 mL min−1 until 10 min. The high-efficiency ion source
(Agilent HES) and transfer line temperatures were 320 °C and
280 °C, respectively. Standard EI was applied at 70 eV with 100
mA lament current. Selected fragment ions were analyzed
using dynamic multiple reaction monitoring (d-MRM) for 266
pesticides and environmental contaminants, including 15
pyrethroids. An Agilent MassHunter 10.0 was used for instru-
ment control and data processing for the listed pyrethroids,
their tR and ion transitions are given in Table 3.

2.3.3. LPGC-EI-HRMS (orbitrap). For LPGC-orbitrap HRMS,
a Thermo Fisher Scientic (Waltham, MA; USA) Trace 1310 GC
coupled to a Q-Exactive orbital ion trap HRMS and a TriPlus
RSH robotic autosampler was used. All injection and LPGC
components, conditions, EI-MS settings, and temperatures
were the same as inMS/MS. Full scan analysis of 70–750m/zwas
performed at 60 000 FWHM resolution with automatic gain
control of 1 × 106. Thermo TraceFinder 5.1 was used for data
processing for the listed pyrethroids, and their tR and HRMS
fragment ions are given in Table 3.
3 Results and discussion

The Cold EI results in this study were obtained at the School of
Chemistry of Tel Aviv University in Israel, and the LPGC-(HR)MS(/
MS) analyses were carried out at the USDA-ARS Eastern Regional
Research Center in the USA. The same vials of the nal barley
extracts were transferred from the MS/MS to the orbitrap
Table 3 Detection parameters used in the analysis of 15 pyrethroids b
dynamic-MRM. Ion 1 was used for quantification

Analyte

HRMS

tR (min) Ion 1 (m/z) Ion 2 (m/z) Ion 3

Allethrin 5.26 123.1168 79.0542 107.0
Bifenthrin 6.05 181.1012 182.1045 166.0
Cyuthrin 6.64 206.0600 127.0310 163.0
l-Cyhalothrin 6.28 181.0647 197.0339 141.0
Cypermethrin 6.74 181.0648 163.0076 127.0
Cyphenothrin 6.39 181.0647 123.1170 167.1
Deltamethrin 7.26 173.9862 171.9882 252.9
Esfenvalerate 6.99 125.0153 225.0784 167.0
Etofenprox 6.79 163.1117 135.0804 107.0
Fenpropathrin 6.10 265.0734 180.0807 181.0
Fenvalerate 7.06 125.0153 225.0784 167.0
Fluvalinate 7.02 250.0607 252.0577 200.0
Permethrins 6.49 183.0804 163.0076 127.0
Phenothrin 6.15 183.0804 123.1168 184.0
Resmethrin 5.93 143.0855 171.0804 123.1
Tetramethrin 6.07 164.0706 165.0738 135.0

This journal is © The Royal Society of Chemistry 2024
instrument one day apart, recapped, and then stored at−18 °C in
a freezer for 18 months before being transferred to Israel at room
temperature under storage at 4 °C until analysis by Cold EI a few
months later. Dorweiler et al. demonstrated no appreciable
degradation of pyrethroids stored in MeCN.30 However, a few of
the pyrethroids were believed to have partially degraded prior to
the analyses using Cold EI in Israel, but this could not be proven.

In total, 322 analytes of pesticides and environmental
contaminants were added to the barley extracts and matrix-
matched standards, 266 of which were monitored in the LPGC
methods (this report only focuses on the 15 pyrethroids in the
mixture). Of these, only 9 were targeted in Cold EI because
reference standards were not available for the other 8 pyre-
throids in the lab in Israel.

Table S1 (ESI‡) lists all the common and unique empirical
exact mass fragment ions in the Thermo orbitrap and NIST
libraries for the different pyrethroids in the study, and we also
included the measured HRMS spectra from this study for
cyphenothrin, uvalinate, and phenothrin. This table serves as
a good reference in the discussion to follow, but it is also
intended to be a useful resource to others conducting GC-EI-MS
analysis of these complicated analytes in different applications.
We curated duplicative ions with >10% relative abundance for
at least one analyte within 1 m/z unit to improve their HRMS
accuracy with respect to feasible molecular formulae for the
specic pyrethroids.

One noteworthy recognition about curation of Table S1‡ is
that contributions from 13C, which constitutez1.1% of natural
carbon on earth, oen led to substantial relative ion abun-
dances atm/z +1.0033 from the base ion peaks. For example,m/z
181.0648 corresponding to C13H9O was the base peak for 4
pyrethroids in Table S1.‡ For 13 carbons in a molecule with
1.1% chance of 13C being present, the theoretical relative
abundance becomes 14% at m/z 182.0682. Indeed, that exact
mass ion had a relative abundance of 14% for every pyrethroid
with m/z 181.0648 as the base peak. The contribution of 13C
y full-scan LPGC-HRMS (orbitrap) and targeted LPGC-MS/MS using

MS/MS

(m/z) tR (min) Ion 1 (m/z) Ion 2 (m/z) Ion 3 (m/z)

856 5.21 123 / 81 136 / 77 136 / 93
777 5.99 181 / 165 181 / 166 181 / 141
081 6.58 206 / 151 163 / 91 163 / 127
511 6.21 181 / 152 197 / 141 197 / 91
309 6.68 181 / 152 163 / 127 163 / 91
060 6.32 181 / 152 123 / 81 123 / 79
046 7.17 181 / 152 181 / 127 181 / 77
622 6.92 167 / 125 167 / 89 167 / 77
491 6.72 163 / 107 163 / 135 163 / 95
647 6.04 265 / 210 181 / 127 265 / 89
622 6.99 167 / 125 167 / 89 167 / 77
681 6.95 250 / 55 250 / 200 250 / 180
309 6.44 183 / 168 183 / 153 183 / 77
838 6.09 183 / 168 183 / 155 183 / 77
168 5.88 142 / 128 171 / 142 171 / 128
441 6.01 164 / 79 164 / 107 164 / 91

Anal. Methods, 2024, 16, 5599–5618 | 5603
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increases as the number of carbons increase, which provides an
additional advantage of the enhanced M+ in Cold EI. The rela-
tive abundance of the M + 1 ion for uvalinate, for example,
with 26 carbons is 29% that of the M+ ion. If the M+ signal for
an analyte is relatively high, thenM + 1 is also usually detectable
with a high qualitative and quantitative value for making
accurate quantidentications. Isotopes of Cl and Br are even
more distinctive and prevalent, which is why M+, M + 1, and/
or M + 2 ions were chosen for the analytes in Cold EI-SIM as
listed in Table 2. Like the exact mass in HRMS, the ratios of
these ions at sufficient concentrations in a clean background
can be used to accurately determine the molecular formula of
the compound or fragment ion.11
3.1 Comparison of results

Fig. 4–12 show a comparison of each fast-GC-MS technique
demonstrating the detectabilities (a combination of both
Fig. 4 Comparison in the analysis of 100 ng g−1 (75 pg injected) bifenthrin
marked with *were identified as 2,4-bis(1-phenylethyl)phenol by LPGC-o
consist of the 2,4-, 2,5-, and 3,5-structural isomers originating from nitr

5604 | Anal. Methods, 2024, 16, 5599–5618
sensitivity and selectivity in a real matrix)9 for the 9 pyrethroid
analytes at 100 ng g−1 in the barley nal extracts. Table 4
compiles the LOQs and limits of identication (LOIs) for each
analyte and detection technique in the study. Since at least two
ions are generally needed for targeted analyte identication
purposes, the LOI is estimated to be the second lowest LOQ
among the 3 ions chosen for analysis. LOQs for each ion were
estimated by measuring and extrapolating the signal/noise ratio
(S/N). The LOQ is the concentration at which S/N = 10 with root
mean square (rms) noise calculated as 1/5 of the peak-to peak
electronic noise. In some instances using LPGC-orbitrap anal-
ysis, no electronic noise was observed due to an underlying
response threshold applied by the instrument soware. In those
cases, the LOQ was estimated to be the concentration at the
minimum discernible peak area for an analyte calculated from
the best-t least linear squared calibration line for that analyte.

Chemical noise is apparent in several ion chromatograms
and oen labeled when the interferant originates from another
in the barley extract using different fast GC-MS techniques. The peaks
rbitrap using the NIST library (see Fig. S3‡), and the 3 peaks presumably
ile gloves.

This journal is © The Royal Society of Chemistry 2024
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Table 4 Estimated limits of quantification and identification (LOQs
and LOIs), in ng g−1, of the pyrethroids in the barley extracts analyzed
by the different fast-GC-MS techniques. Note: 0.75 mg equivalent
sample injected, and the lowest concentrations per analyte appear in
bold texta

Analyte

Cold EI-SIM LPGC-MS/MS
LPGC-
orbitrap

LOQ LOI LOQ LOI LOQ LOI

Allethrin n.a. n.a. 6 7 18 50
Bifenthrin 3 3 1 1 5 8
Cyuthrin 12 12 10 12 36 68
l-Cyhalothrin <1 5 3 6 11 33
Cypermethrin 6 6 5 6 39 100
Cyphenothrin n.a. n.a. 31 ? 67 >100
Deltamethrin 5 6 ? ? 7 7
Es/Fenvalerate n.a. n.a. <1 <1 8 13
Etofenprox n.a. n.a. <1 <1 12 22
Fenpropathrin n.a. n.a. 2 3 8 50
Fluvalinate n.a. n.a. <1 <1 2 7
Permethrins 4 8 8 11 16 96
Phenothrin 6 6 5 6 8 25
Resmethrin 12 17 6 8 24 36
Tetramethrin 6 9 3 3 8 21

a n.a. = not analyzed.
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pyrethroid analyte. The extracts contained 322 pesticides and
environmental contaminants added at similar concentrations,
including the 15 pyrethroids (plus prallethrin) in this study, but
real samples contain relatively few residues that would occur at
different levels. Unlike the situation shown in many of these
examples, analyte-to-analyte chemical interferences are not
such a severe problem in real-world analyses (see Fig. 2 and
S1‡). Although it is still important to distinguish individual
analytes from each other, interferences from one analyte to
another should not be the limiting factor in assessing the LOQs
because only matrix interferences would usually affect LOQs in
real-world samples. For the highest accuracy in regulatory
enforcement applications (for example), calibration standards
should mimic the specic analytes and concentration range
identied in suspect samples.31 In other words, the main
“problem” with analyte-to-analyte interferences arises from the
practical use of large analyte mixtures in calibration and vali-
dation experiments, and rarely do partially co-eluting analytes
occur in the same sample. Thus, chemical noise from other
analytes was not considered in the estimated LOQs and LOIs in
Fig. 4–12 and Table 4.

As calculated from Table 4, the average LOQs for the 9 shared
analytes were 6, 5, and 17 ng g−1 in fast-GC Cold EI-SIM, LPGC-
MS/MS, and LPGC-orbitrap, respectively. For the same subset of
9 pyrethroids, the average LOIs were 8, 7, and 44 ng g−1. Similar
average LOQs and LOIs were obtained for all 15 pyrethroids
analyzed by MS/MS and orbitrap. Cold EI-SIM achieved the
lowest calculated LOQs for 3 out of the 9 shared analytes,
whereas MS/MS attained the lowest LOQs for 7 of them. In the
case of LOIs, both Cold EI-SIM and MS/MS yielded the lowest
values for 6 shared analytes (counting ties for both techniques).
This journal is © The Royal Society of Chemistry 2024
The HRMS orbitrap instrument was not able to achieve lower
LOQs or LOIs than the other approaches for any of the 9 (or 15)
pyrethroids, but it outperformed LPGC-MS/MS for deltameth-
rin, which was unable to be quantidentied due to reagent
interferences. In terms of meeting the typical 10 ng g−1 LOQ for
regulatory food monitoring applications, Cold EI-SIM, MS/MS,
and orbitrap HRMS met this need for 7, 8, and 4 out of the 9
shared analytes, respectively (and 7, 7, and 2 out of 9 with
respect to LOIs). Taking into account all 15 pyrethroids in MS/
MS, 14 and 12 of the of the analytes yielded LOQs and LOIs
#10 ng g−1, respectively, but only 7 and 3 of them met that
criterion using orbitrap detection.

Regardless of the selectivity differences observed in Fig. 4–
12, the targeted Cold EI-SIM and MS/MS methods yielded very
similar detectabilities in this study, but the nontargeted HRMS
orbitrap approach could not match them. The detection
mechanism in orbitrap instruments cannot achieve the same
degree of sensitivity provided by ion detection with electron
multipliers since induced current detection is limited by
amplier noise in orbitraps. Furthermore, the cleanliness of the
instruments may have been a factor in LOQs, but in the LPGC
methods, the same number of injections of shared samples had
been made using the same maintenance schedules on both the
MS/MS and orbitrap instruments. Instrument robustness is
probably the most important factor in routine analyses, and if
the lowest possible LOQs for the instruments were not achieved
in this comparison, that also reects instrument performance
during real-world usage. In the case of Cold EI, the samples
were injected into an old liner and column, and the y-through
ion source has proven to be so robust that it has not been
serviced since its installation in 2011. Regrettably, full-scan MS
was not used in this study for barley samples in Cold EI, and we
have plans to evaluate the technique in a full QuEChERSER
validation study when possible. Otherwise, the orbitrap tech-
nique has excellent advantages of generally greater selectivity,
full-spectral data acquisition, and the possibility for retrospec-
tive analysis for additional analytes. The targeted and non-
targeted methods are complementary with regards to different
advantages and disadvantages in each case, as further dis-
cussed in the sections to follow.

3.1.1. Bifenthrin (and chemical interferants). Fig. 4
compares the fast-GC Cold EI-SIM, MS/MS, and HRMS (orbi-
trap) analyses of 100 ng g−1 bifenthrin in the QuEChERSER
barley extract. No signicant interferences occurred in Cold EI
for the unique M+ and M + 2 ions, which simply do not occur
using standard EI. Even though the m/z 422 M+ had a relatively
weak abundance of 23% compared to the m/z 181 base peak,
both ions yielded the same LOQ of 3 ng g−1. Fig. S2‡ displays the
Cold EI mass spectrum of bifenthrin compared with the orbi-
trap's (HRMS), which shows the remarkable enhancement of
the M+ ion in Cold EI.

Although LPGC separation sufficiently resolved the analyte
from the observed chemical interferences in both MS/MS and
orbitrap analyses, 3 signicant peaks surrounded the tR of
bifenthrin. Fig. S3 and S4 (ESI‡) show the background-
subtracted HRMS and NIST library search nding of the third
peak at 6.12 min. The search probability was 88% and the
Anal. Methods, 2024, 16, 5599–5618 | 5605
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chemical noise originated from 2,4-bis(1-phenylethyl)phenol,
which is additionally supported by the observation that the m/
z 302.1662 ion matched the calculated m/z 302.167 053 for
C22H22O within ±3 ppm. The other two peaks at 5.99 and
6.02 min had the same spectra plus an m/z 223.1115 (C16H15O)
ion with 25% relative abundance. We postulated that the
chromatographic peaks consisted of 3 structural isomers of
bis(1-phenylethyl)phenol, but the NIST library only contains the
2,4-isomer. Further investigation of the literature uncovered
that Mutsuga et al. found the exact same pattern of peaks and
HRMS spectra in leachates from nitrile gloves.32 Their NMR
analysis of gel-permeation chromatography fractions suggested
that the rst two peaks were stereoisomers of 2,6-bis(1-
phenylethyl)phenol, which they referred to as 2,6-di(a-methyl-
benzyl)phenol. We did not purchase standards of these
compounds, so we did not conrm the full-scan HRMS
identications.

A literature search uncovered that 2,4-bis(1-phenylethyl)
phenol has been reported to be identied in natural prod-
ucts,33,34 but we suspect that the use of nitrile gloves contami-
nated those samples leading to mistaken conclusions. Further
investigation indicated that the leachates may have originated
from the ITSPmini-cartridges in our study, but this could not be
proven. Upon review of previous results, we did not nd these
contaminants in the recently commercialized septum-less m-
SPE mini-cartridges made from polypropylene.35 A clear NIST
library match for tris(1-phenylethyl)phenol also resulted in the
same prole as determined previously.32

In any case, the differences in the relative responses of the
background chemical vs. bifenthrin in the 3 analyses shown in
Fig. 4 are quite dramatic. The same solution was injected in
HRMS one day aer MS/MS, so degradation differences were
highly unlikely in comparing their results. As described previ-
ously,26 increased selectivity of HRMS can only be achieved for
ions with different elemental compositions. As shown in Fig. S2
and S3,‡ bis(1-phenylethyl)phenol has similar linked biphenyl
groups to bifenthrin, leading to the calculated exact masses of
m/z 181.1017 (C14H13), 182.1096 (C14H14), and 166.0782 (C13H10)
for the ions generated by standard EI. Fig. S4‡ demonstrates
that ions with measured m/z 165.0699, 153.0699, and 115.0542
also appear from different chemical origins, even though
Fig. S3‡ shows how they merely have <10% relative abundances
in the full-scan MS of bis(1-phenylethyl)phenol. Additionally,
unlike how Cold EI shis the relative abundances to higher
masses, comparison of the orbitrap mass spectrum for bis(1-
phenylethyl)phenol to the NIST spectrum indicates that the
specic conditions used led to relative abundance for an m/z
302 of 32% in orbitrap vs. 55% in the NIST library. Conversely,
the m/z 209 ion in the orbitrap analysis had 38% relative
abundance compared to 21% in the NIST spectrum.

The very same issue occurs in SIM and MS/MS for common
fragment ions as in HRMS using standard EI, but in MS/MS,
structural differences in precursor ions can lead to different
ion transitions and/or ratios depending on collision energies
used. For example, the C14H13 fragment ions at m/z 181 for
bifenthrin and bis(1-phenylethyl)phenol have the exact same
5606 | Anal. Methods, 2024, 16, 5599–5618
mass to confound HRMS, but they have different structures, as
indicated in Fig. 1, S2, and S3.‡

The HRMS spectrum of the chemical contaminant further
shows thatm/z 181 in unit-mass resolution SIM andMS/MS also
contains C13H9O with m/z 181.0647. The precursors yield the
same MS/MS product ion masses (losses of O, CH3, and C3H4),
but the specic ions involved are different. For this reason, the
optimumMRM collision energies chosen for MS/MS analysis of
bifenthrin gave less intense product ions from the m/z 181
fragments of the interferants. Standard EI of the m/z 181
precursors in MS/MS would not be much different in relative
intensities as observed in the case of HRMS in Fig. 4, but the
much-reduced relative intensities of the product ions in MS/MS
provided a greater degree of selectivity in this example.

Even so, it was fortunate that bifenthrin fell into a clear
window between the background interferants in all 3 fast GC-
MS techniques, and the analyte had similar estimated LOQs
and LOIs <10 ng g−1 in all cases. The analyst must be aware and
extra cautious of these interferants, though, which all occurred
within the commonly used ±0.1 min tR window for regulatory
analyte identication. Automatic soware approaches would
easily mis-integrate and mis-identify one or more of the inter-
ferants as bifenthrin in both MS/MS and HRMS, but not in Cold
EI using the enhanced M+ ions.

3.1.2. l-Cyhalothrin. Fig. 5 shows the ion chromatograms
and calculated LOQs for l-cyhalothrin in the study. As described
previously,21 the condition of the GC inlet induces partial
conversions of l-cyhalothrin and deltamethrin to a slightly
more volatile diastereomer that appears just before the GC peak
of the injected analyte. Active sites in the liner cause the
conversion, and perhaps analyte protectants used in LPGC
reduced the conversion from z22% of the relative peak height
using the Jennings cup liner in fast-GC Cold EI to z14% in the
LPGCmethods using a liner with glass wool. Another possibility
is that the difference in conversion between the methods arose
due to the long-term storage of the solution before the Cold EI
analyses. For whatever reason, peak heights were used to esti-
mate LOQs, and avoiding this conversion would have led to
z18% and z12% lower LOQs in Cold EI-SIM and LPGC anal-
yses, respectively. However, the presence of both peaks actually
improves analyte identication due to its distinctive pattern.

A comparison of Cold EI and orbitrap HRMS spectra for l-
cyhalothrin is shown in Fig. S5 (ESI‡). The M+ (m/z 449) ion in
Cold EI was enhanced to such an extent that it grew to a relative
abundance of 100% from essentially 0% in standard EI. The use
of this M+ and its M + 2 isotopologue in Cold EI-SIM was nearly
completely free of chemical noise, as shown in Fig. 5. Further-
more, the use of the additionally enhanced higher massm/z 208
fragment ion in Cold EI-SIM avoided the less selective m/z 197
ion as the third ion. This achieved about half the estimated LOQ
of 5 ng g−1 than the weakM + 2 ion despite being only 1m/z unit
difference from the infamous m/z 207 column bleed.

In MS/MS, the m/z 181 and 197 precursor ions led to higher
baselines for associated product ions, including very intense
peaks at 6.06 min, presumably due to 2,4-bis(1-phenylethyl)
phenol. The optimized MRM ion transitions and collision
energies chosen for l-cyhalothrin were not nearly as selective to
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Comparison in the analysis of 100 ng g−1 (75 pg injected) l-cyhalothrin in the barley extract using different fast GC-MS techniques. In MS/
MS, the peak with tR = 6.06 min is the same chemical as shown in Fig. 2 and S2 (ESI‡), but the missing m/z 197 fragment ion in HRMS
demonstrates that it has a different elemental composition than l-cyhalothrin.
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avoid the chemical noise as those chosen for bifenthrin, but the
LOI was still <10 ng g−1 for regulatory applications. However,
the orbitrap could not quite meet that need with a calculated
LOI of 33 ng g−1. Interestingly, the standard EI base peak
C13H9O fragment with m/z 181.0647 for l-cyhalothrin was also
present in the interferant but not the m/z 197.0339 ion, as
shown in Fig. 5 and S3.‡

3.1.3. Cyuthrin and cypermethrin. Fig. 6 and 7 compare
the different ion chromatograms for cyuthrin and cyper-
methrin, respectively. Unlike l-cyhalothrin and deltamethrin,
the reference standards for both of these a-cyano substituted
pyrethroids (type II) with a cyclopropane ring consist of
a mixture of 4 diastereomers in approximately equal parts. They
are integrated together and reported as a single analyte, but
again, the estimated LOQs are increased based on the ratio of
components vs. the apex of peaks. In effect, the LOQs for the
individual diastereomers are about 4-fold lower than those re-
ported for the mix. In the case of Cold EI-SIM for cyuthrin, the
This journal is © The Royal Society of Chemistry 2024
M+ and M + 2 ions were almost equally intense due to the
presence of 2 chlorines in the molecule. Also, there was no
possibility for nearby cypermethrin with an M+ of m/z 415 to
interfere with cyuthrin's analysis. However, an unknown
chemical noise peak at 4.25 min with m/z 435 was observed in
fast-GC-Cold EI-SIM. Another unknown background peak was
observed at 4.32 min for cypermethrin's M + 2 ion at m/z 417,
but it also did not affect the analysis. Unfortunately, them/z 226
Cold EI base peak for cyuthrin was not acquired by mistake,
and the m/z 209 was used from cypermethrin instead. This ion
was not specic to cyuthrin due to co-elution with fenbuco-
nazole in the mix of 322 analytes; thus, no LOQ was calculated
for it. Moreover, the front of the m/z 209 peak for cypermethrin
also slightly co-eluted with cyuthrin in the fast-GC method,
further complicating its chromatographic peak prole and
integration.

In MS/MS, cypermethrin was clearly present in all 3 ion
transitions chosen for cyuthrin, but the two groups of
Anal. Methods, 2024, 16, 5599–5618 | 5607
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Fig. 6 Comparison in the analysis of 100 ng g−1 (75 pg injected) cyfluthrin in the barley extract using different fast GC-MS techniques.
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diastereomers were fully separated by LPGC. The chromato-
graphic peak proles and relative intensities of both groups
changed depending on the collisional deactivation energy
differences for the 8 diastereomers under the conditions used
in the MRM ion transitions. Taking both Fig. 6 and 7 into
account, two ion transitions are duplicated for both cyuthrin
and cypermethrin, totaling 3 transitions useful for cyuthrin
and 4 for cypermethrin (including m/z 181 / 152). Thus,
somewhat more condent identication can be made for
cypermethrin in MS/MS, but this is also true for other analytes
with overlapping ions, such as etofenprox at 6.71 min with m/z
163 / 91.

In the case of the nontargeted LPGC-orbitrap approach using
full-spectral acquisition, many other ions could be chosen in
theory, but in practice, only a few of the most intense and
selective ions prove useful for any analyte near the LOQ. For that
reason (and the mix of 4 diastereomers), the orbitrap was not
able to reliable detect cyuthrin at 100 ng g−1 except for its
unique m/z 206.0600 ion. Even its base peak ion of m/z 163.008
5608 | Anal. Methods, 2024, 16, 5599–5618
shared with cypermethrin did not yield an appreciably high S/N
at 100 ng g−1. The ions for cypermethrin were detected at that
concentration, but the LOQs were not necessarily better due to
worse electronic noise.

3.1.4. Deltamethrin (and chemical interferants). Fig. 8
presents the ion chromatograms for deltamethrin in the
comparison study. Unfortunately, deltamethrin was negatively
affected by nitrile glove leachates in both Cold EI and MS/MS,
and the partial conversion of the parent analyte to a different
diastereomer in the GC inlet and/or sample solution impacted
all 3 methods. With regards to the latter issue in Cold EI-SIM,
the selective deltamethrin M + 4 (m/z 507) ion demonstrated
that z26% of the main peak was lost due to the conversion,
which increased the estimated LOQs by the same proportion.
The extent of the conversion in MS/MS and HRMS could not be
directly measured in the LPGC methods using analyte protec-
tants, but considering the 7 ng g−1 LOQs, it was <7% in HRMS
or else the converted deltamethrin diastereomer would have
been detected. Indeed, the conversion ratio was merely 2.6% in
This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Comparison in the analysis of 100 ng g−1 (75 pg injected) cypermethrin in the barley extract using different fast GC-MS techniques.
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injection of a 500 ng g−1 standard in MeCN. In LPGC-MS/MS,
the two interfering chemical noise peaks covered the rst
potential deltamethrin peak, and the second interfering peak
partially co-eluted with the main deltamethrin peak in all 3 ion
transitions.

As shown in Fig. S6,‡ a search of the NIST library of this
interferant in full-spectral HRMS data acquisition identied it
to be 2,4,6-tris(1-phenylethyl)phenol with 98% probability. The
measured −2.2 ppm mass difference in HRMS of the M+ ion
from the calculated exact mass for C30H30O provides further
evidence in the identication. Phenylethylphenols have been
used as a manufacturing agent in plastics and other applica-
tions for at least 75 years.36 The two GC peaks could correspond
to different structural isomers or stereoisomers with the exact
same mass spectra.

Although the m/z 253 base peak ion was used for delta-
methrin in both Cold EI-SIM and orbitrap quantication,
HRMS at m/z 252.9046 eliminated the m/z 253.1015 interferant
that essentially ruined the use of that ion in Cold EI. As shown
This journal is © The Royal Society of Chemistry 2024
in Table S1,‡ the large mass defect of two Br atoms in that
fragment greatly aided in resolving deltamethrin from the
interferant (which is a benet in HRMS of fragments containing
Cl, too). Due to the compositional and structural differences,
the m/z 253 ion as a precursor in MS/MS probably would have
also provided unique ion transitions to cleanly distinguish
deltamethrin, but unfortunately, we made a mistake in this
study to only use the less selective m/z 181 base peak as the
precursor. That ion originated from C13H9O, and thus the
greater selectivity inMS/MS provided by the C13H14 fragment for
bifenthrin in Fig. 4 was not achieved for deltamethrin, as also
observed for l-cyhalothrin ion transitions shown in Fig. 5. Just
as HRMS cannot distinguish ion peaks with the same elemental
formula from each other, nothing can be done in MS/MS if the
precursor fragment ions also have the same molecular
structures.

Acquisition of M+ isotopologues as done in Cold EI is one
way to avoid this problem in both MS/MS and HRMS. As shown
in Fig. 8, the M + 4 ion for deltamethrin was free of chemical
Anal. Methods, 2024, 16, 5599–5618 | 5609
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Fig. 8 Comparison in the analysis of 100 ng g−1 (75 pg injected) deltamethrin in the barley extract using different fast GC-MS techniques. * tris(1-
phenylethyl)phenol.
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noise, but despite the high mass, an unknown matrix compo-
nent still interfered with the rst deltamethrin peak in the m/z
505 M + 2 ion chromatogram. Previous experiments also
encountered chemical noise with them/z 503 M+ ion in Cold EI.
A hint of this interferant also appears in the Cold EIm/z 253 ion
for deltamethrin. Due to the enhancement of higher mass ions
in Cold EI, full scan searches in LPGC-HRMS using standard EI
were not able to nd these components. Although Cold EI
provides greater overall selectivity by shiing mass spectra of
analytes to higher masses, it also increases the intensity of
chemical noise from higher mass ions.

3.1.5. Permethrins. Fig. 9 provides the ion chromatograms
used for the approximately 1/1 cis- and trans-pair of permethrins
in the standards totaling 100 ng g−1. Akin to other examples
already discussed, the LOQs for the individual isomers are
about half as low as the total for the mixture. Indeed, the peak
heights were nearly the same between the cis- and trans-isomers
in LPGC-(HR)MS(/MS), but cis-permethrin (rst peak) averaged
5610 | Anal. Methods, 2024, 16, 5599–5618
24% lower than the trans-isomer in the Cold EI analysis of the
shared sample, which was conducted nearly 2 years later.
Fig. S7‡ demonstrates that the cis/trans peak intensities were
the same in Cold EI of a 1/1 standard mix, and thus differences
in MS fragmentation or detection were not the cause of the
change in the chromatographic peak ratio shown in Fig. 9.
Perhaps the rates of degradation between cis- and trans- were
not the same in the barley extract, but we did not nd support of
this possibility in the scientic literature. Another possibility is
that the slightly more volatile cis-form vaporized more readily
over time than the slightly less volatile trans-form (2.48 vs. 1.49
mPa at 20 °C, respectively).37

Although some of the permethrin in the barley extract may
have degraded or volatilized, Fig. 9 and S7‡ show how the
enhanced M+ provided by Cold EI makes a signicant
improvement in its detection compared to standard EI-(HR)MS.
As shown, permethrin in standard EI simply does not fragment
into enough ions for condent identications at low
This journal is © The Royal Society of Chemistry 2024

https://doi.org/10.1039/d4ay00858h


Fig. 9 Comparison in the analysis of combined 100 ng g−1 (75 pg injected) of cis- and trans-permethrins in the barley extract using different fast
GC-MS techniques.
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concentrations, but use of the enhanced M+ and M + 2 in Cold
EI-SIM matched or bettered the LOQs using the m/z 183 base
peak as the precursor ion in MS/MS. In full-spectral LPGC-
orbitrap, the second and third most intense ions (m/z 163.008
and 127.031) were simply too weak to provide an LOI <96 ng g−1.
This problem was avoided in MS/MS by employing the same
precursor for all 3 transitions. Even then, the LOQs for all 3 ions
in all 3 techniques (when summing both isomers as a single
analyte) exceeded the desired 10 ng g−1 performance goal for
permethrin.

3.1.6. Phenothrin. Fig. 10 provides the ion chromatograms
from the 3 techniques used for analysis of phenothrin in the 100
ng g−1 matrix-matched standard for the nal QuEChERSER
extract of barley. The same type of pattern as that of permethrin
emerged in which the targeted Cold EI-SIM and MS/MS
methods achieved similarly low LOQs and LOIs near 10 ng
g−1, and the nontargeted orbitrap HRMS method yielded a 4-
fold higher LOI due to a lack of high intensity fragment ions to
choose from. In MS/MS and HRMS, we know from separate
This journal is © The Royal Society of Chemistry 2024
validation studies that the marked ions in Fig. 10 originated
from bromopropylate and tetramethrin, respectively. The peak
at 6.0 min with the MS/MS ion transition m/z 183 / 168 could
not be identied, even when searching the corresponding tR
using orbitrap HRMS, and it may have been a barley matrix
component also corresponding to the m/z 350 peak at tR =

3.57 min in Cold EI-SIM.
Again, MS/MS was able to employ the base peak ofm/z 183 as

the precursor for all 3 ion transitions, and that base peak was
also monitored in Cold EI. More importantly, Cold EI held the
advantage to also detect the enhanced M+ and M + 1 iso-
topologues of phenothrin. Other unknown chromatographic
peaks form/z 350 and 351 appeared at 3.62min, but they did not
interfere with the analysis of phenothrin at 3.70 min. This
allowed clean measurement of the M + 1/M+ peak area ion ratio,
which was 25.7%. For chemicals consisting of C, H, N, and O,
this exactly matched the theoretical formula of C22H30N4, but
this was also close to the theoretical ion ratio of 25.4% for
phenothrin's molecular formula of C23H26O3. In any case, the
Anal. Methods, 2024, 16, 5599–5618 | 5611
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Fig. 10 Comparison in the analysis of 100 ng g−1 (75 pg injected) phenothrin in the barley extract using different fast GC-MS techniques.
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experimental isotope abundance ratio provides more important
qualitative information than other MS ion ratios.11

The 13C isotopologue was also useful in HRMS for the frag-
ment ion m/z 184.0838, but its integrated ion ratio vs. m/z
183.0804 was 10.9%, which most closely corresponded to
C10HNO3 (a graphite-nitric acid intercalation compound) with
an isotope abundance ion ratio of 11.3%. This is far removed
from the expected ion ratio of 14.3% for phenothrin's actual
fragment ion of C13H11O (see Fig. 1 and Table S1‡). Although
this molecular formula is the highest probability based on the
HRMS ion, this choice was not conrmed by the M + 1 isotope
abundance ion ratio. This may be due to the lack of sensitivity
or a function of the vendor's data collection and integration
soware – not an inherent feature in orbitrap analysis.

3.1.7. Resmethrin. Fig. 11 presents the results for
resmethrin in the study. As with all the pyrethroids, the analyte
elutes among many other of the 322 pesticides and environ-
mental contaminants added to the 100 ng g−1 matrix-matched
calibration standard. It is likely that some of the unidentied
peaks shown in the gures originate from other analytes, but we
could not be sure in the identications due to tR and MS
5612 | Anal. Methods, 2024, 16, 5599–5618
ionization differences in Cold EI. For example, the “?” in the
Cold EI-SIM ion chromatograms for the M+ m/z 338 and M + 1
m/z 339 ions for resmethrin in Fig. 11 could originate from
triphenylphosphate-d15 and spiromesifen, but we did not know
if those ions were signicantly enhanced enough to generate
those peaks. However, we have higher condence in identi-
cation of the labeled peaks of 13C12-PCB 153, piperonyl but-
oxide, hexazinone, and tebufenpyrad in the Cold EI-SIM
chromatograms shown. Unfortunately, resmethrin is tightly
sandwiched in the fast-GC method between piperonyl butoxide
with intensem/z 338 and 339 ions and hexazinone withm/z 171.
This rendered resmethrin to be unreliably quantied in the
mixture of analytes, but it would be determined similarly to the
other pyrethroids if the interfering analytes were absent. Even if
one of the other analytes was not present, the ions unique to
resmethrin could be used for independent quantication. All 3
analytes do not exactly co-elute, which enables the analyst to
judge the presence of a single analyte or a mixture based on the
peak shape. Better GC separation of the trio of peaks in Cold EI
could be achieved if desired, but this would sacrice sample
throughput, and it is only a problem in analyte mixtures.
This journal is © The Royal Society of Chemistry 2024
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Fig. 11 Comparison in the analysis of 100 ng g−1 (75 ng injected) resmethrin in the barley extract using different fast GC-MS techniques. Other
pesticides added to the mixture posed problems with fast-GC Cold EI-SIM, but not LPGC MS/MS or HRMS (orbitrap).
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In the case of LPGC, the MS/MS and HRMS ions chosen for
quantidentication were free of the piperonyl butoxide and
hexazinone interferences, even though they also essentially co-
eluted. A trace signal for carbophenothion can be observed at
5.8 min in the m/z 143 / 128 MS/MS transition, and tetra-
methrin yielded large peaks at 6 min for the same transition as
well as the m/z 143.0855 and 123.1168 fragment ions in the
orbitrap analysis. Neither interfered in the chromatographic
integration of resmethrin, but the generally higher chemical
noise in the background for all useful ions in all 3 techniques
led to slightly higher than typical LOQs for resmethrin among
the pyrethroids. Interestingly, it produces some unique Cold EI
and (HR)MS(/MS) ions compared to other pyrethroids, but they
are less unique among other analytes and matrix backgrounds.

3.1.8. Tetramethrin. The last pyrethroid analyzed in all 3
MS techniques was tetramethrin – the results of which appear
in Fig. 12. Unfortunately, its M + 1 isotopologue at m/z 332 was
not acquired by mistake in Cold EI-SIM. Although its M+ at m/z
This journal is © The Royal Society of Chemistry 2024
331 was not clean in the mix, and its main peak was resolved in
fast GC with a calculated LOQ of 9 ng g−1. The base ion peak of
m/z 164 showed no appreciable chemical noise and also yielded
<10 ng g−1 LOQ. As with other pyrethroids split into multiple
peaks, the LOQ would be lower for each isomer if they are re-
ported individually.

Tetramethrin is a type I pyrethroid (without the a-cyano
group), and thus it does not undergo conversion in the inlet as
in the cases of l-cyhalothrin and deltamethrin. Unlike type II
pyrethroids, tetramethrin has only two chiral centers on the
cyclopropyl ring, and non-chiral separations give rise to two
peaks (two co-eluting enantiomers for each cis/trans diaste-
reomer). Fig. 12 shows in Cold EI that the rst peak at 3.52 min
(cis-) averaged 25% of the main tetramethrin peak with tR =

3.57 min (trans-), in agreement with the reported cis/trans ratio
of 1/4 for this pyrethroid.38 Although with poorer separation, the
same ratio also occurred in the LPGC analyses, indicating that
injection conditions did not make a difference in this case.
Anal. Methods, 2024, 16, 5599–5618 | 5613
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Fig. 12 Comparison of the analysis of 100 ng g−1 (75 ng injected) tetramethrin in the barley extract using different fast GC-MS techniques.
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The fast GC conditions in Cold EI were able to fully resolve
the two pairs of enantiomers for the base peak of m/z 164, but
chemical noise affected the separation of the M+ at m/z 331.
While the trans-enantiomers were resolved giving rise to the 6
ng g−1 LOQ, the cis-pair partially coeluted with a fragment ion of
uroxypyr-meptyl at 3.55 min. The selectivity of m/z 331 for
tetramethrin was also affected by the fragmentation of the
nearby carfentrazone peak at 3.43 min and by one or two other
chemical interferences at 3.65 min that we couldn't identify.
Fig. 12 shows that the selectivity of m/z 164 observed in Cold EI
also occurred in LPGC analyses by MS/MS and HRMS, to the
extent that the 3 MRM transitions chosen for the analysis of
tetramethrin in MS/MS originated from this same moiety (m/z
164 / 79, 164 / 107 and 164 / 91). In HRMS, m/z 164.0706
was among the few fragments produced by tetramethrin that
was free of interferences, which led to one of the rare instances
in which the orbitrap analyzer achieved an LOQ <10 ng g−1 in
barley. Again, the ion including a 13C isotope at m/z 165.0738
was found to be better than other ion choices for identication.
The second-most abundant ion (40%) in the standard EI MS
5614 | Anal. Methods, 2024, 16, 5599–5618
spectrum of tetramethrin was m/z 123.1168, but it was strongly
affected by background interferences and was not able to be
used.
3.2 Comparison of LPGC-MS/MS with orbitrap HRMS

Unfortunately, the remaining 6 pyrethroids in the mixture
added to the barley extract were not targeted in the Cold EI-SIM
method. Fig. S8–S14 (ESI‡) compare the ion LPGC-MS/MS and
orbitrap chromatograms for allethrin, prallethrin (actually tri-
adimenol), cyphenothrin, es/fenvalerate, fenpropathrin, uva-
linate, and etofenprox, respectively, in the same way as in Fig. 4–
12 for all 3 techniques. The ESI‡ gure captions explain the
salient aspects within the analyses, but we make several points
of special emphasis below.

3.2.1. Allethrin and prallethrin (easily confused with tri-
adimenol). As shown in Fig. 1, allethrin and prallethrin share
very similar structures and unsurprisingly undergo fragmenta-
tion in similar ways. The more surprising ndings, however,
were related to the small dissimilarities in their mass spectra.
Fig. 13 displays the NIST library and HRMS spectra for both
This journal is © The Royal Society of Chemistry 2024
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pyrethroids highlighting their differences, and it also shows the
full-scan Cold EI spectrum for allethrin (no standard was
available in the Israel lab for prallethrin). In Cold EI, dis-
tinguishing m/z 302 and 300 M+ ions for allethrin and pral-
lethrin, respectively, would make their selective detections easy
in the absence of co-eluting interferants. As shown in Fig. S8,‡
differences in tR in LPGC and/or the ion transitions in MS/MS
also allowed selective quantidentications with LOQs <10 ng
g−1 for allethrin, despite the presence of nearby chemical
interferences and prallethrin. Those interferants spoiled the
ability to quantidentify prallethrin using the same MS/MS ion
Fig. 13 Comparison of the full-scan MS spectra of allethrin in Cold EI an
however, exhibited a −8 ppm difference in the m/z 168 ion that exactly
prallethrin as shown in Fig. S8.‡ A reference standard of prallethrin in th

This journal is © The Royal Society of Chemistry 2024
transitions as allethrin, and the unique m/z 134 and 105
precursor ions for prallethrin shown in Fig. 13 were also not
clean in the matrix (see Fig. S9‡). In a previous study, the USDA
lab avoided the problems with prallethrin in GC by only tar-
geting it using LC-MS/MS.28

In HRMS, the m/z 123.1168 (base peak) and m/z 105.0699
qualitative ions in LPGC-orbitrap were similarly unselective as
in MS/MS. The interferences deformed the peak prole for
prallethrin, demonstrating the importance of human involve-
ment in common sense decision-making to double check
identications made automatically using inexible criteria. For
d the orbitrap HRMS library. The HRMS library spectrum for prallethrin,
corresponded to an intense ion of triadimenol, which co-eluted with
is study yielded the correct HRMS m/z 168.1144 fragment ion.

Anal. Methods, 2024, 16, 5599–5618 | 5615
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example, the peak areas of the qualier ions would meet the
identication criteria at some combination of analyte/
interferant concentrations. This further emphasizes the
importance that positive samples in one analysis should be re-
analyzed using orthogonally selective methods to conrm the
actual presence of the analytes.26

In another example demonstrating the need for expertise in
analyses, we originally thought that the uniquem/z 168.1131 ion
in prallethrin's orbitrap library spectrum (see Fig. 13) was useful
to isolate it for analysis. However, Fig. S9‡ demonstrates how
that exact mass ion happens to correspond to an intense tri-
adimenol ion at the same tR as prallethrin's in the LPGC chro-
matogram. This confused us until we compared our measured
orbitrap HRMS spectrum of a prallethrin reference standard
with the library spectrum. Aer studying the fragmentation
pathway, the 8 ppm exact mass difference in the m/z 168 ion in
the HRMS library spectra for allethrin vs. prallethrin made no
sense, and we corrected the discrepancy in Table S1.‡ Indeed,
other similar discrepancies were found in the HRMS library
spectra when building Table S1,‡ and we believe most of them
were corrected in the table. However, the commercial library
spectra still contain the errors, and we caution others not to
fully trust the accuracy of every ion in the spectra.

3.2.2. Cyphenothrin. Fig. S10‡ displays how similar diffi-
culties occurred in the analysis of cyphenothrin in both MS/MS
and HRMS. The m/z 181 ion was rather clean near 6.4 min in
LPGC despite how common it is among pyrethroids, but that
ion is relatively weak for cyphenothrin with 20% relative
abundance (see Table S1‡). As usual, the LOQ was about 2-fold
lower in MS/MS than orbitrap HRMS. Normally, the base ion
peak for the pyrethroid would yield <10 ng g−1 LOQs, but in the
case of m/z 123 as the MS/MS precursor for two cyphenothrin
ions, an unidentied barley matrix component (perhaps 1-
monolinolein) at 6.34 min swamped the analyte peak at
6.33 min. A second interfering peak was traced to the reagents
with tR within 0.3 min aer the rst also complicated the
analysis of cyphenothrin. The same thing happened in HRMS
using the common m/z 123.1170 ion for pyrethroids. This
corresponds to C9H15 (see Table S1‡), which is not unusual, but
the cyclopropane ring shared by many pyrethroids shown in
Fig. 1 is expected to be rare.39 Thus, it is unlikely that them/z 123
MS/MS precursor ion has the same structure in both interfer-
ants as cyphenothrin. The loss of 42 amu (m/z 123 / 81)
probably comes from C3H6, but the loss of 44 amu (m/z 123 /

79) due to C3H8 (yielding C6H7) is not typical. One of the major
concerns in targeted MS/MS methods is that the wrong ion
transitions are chosen during method development which
optimize conditions for some other chemical present rather
than the analyte.26 As shown for bifenthrin in Fig. 4, optimized
MS/MS conditions may still be helpful to differentiate structural
isomers from each other even if they share the same ion tran-
sitions. In the case of deltamethrin in Fig. 8, the analyte and
interferant probably entailed the same fragment ion as the
precursor, which is why they could not be differentiated.
However, the m/z 123 ion for cyphenothrin should have been
structurally unique enough for its optimized ion transition
conditions to yield <10 ng g−1 LOQ, such as in the case of
5616 | Anal. Methods, 2024, 16, 5599–5618
allethrin in Fig. S8.‡ A report of these same GC-MS/MS condi-
tions for cyphenothrin encountered similar interferants as we
found,40 and further investigations are needed to verify that the
optimal ion transitions for the intended analyte, and not the
unidentied reagent component, have been selected. Yet again,
the enhanced M+ provided by Cold EI would probably have
overcome these difficulties, but cyphenothrin was not targeted
in the Cold EI-SIM method in this study.

3.2.3. Es/fenvalerate, fenpropathrin, uvalinate, and eto-
fenprox. The ion chromatograms from the remaining pyre-
throids in this comparison study are shown in Fig. S11–S14
(ESI‡). No chemical interferences occurred in either MS/MS or
orbitrap in the LPGC ion chromatograms for es/fenvalerate
(Fig. S11‡), uvalinate (Fig. S13‡), or etofenprox (Fig S14‡),
and only one of the 3 ions in both MS techniques had an
interferant for fenpropathrin (Fig. S12‡). Akin to cis- and trans-
permethrin, some reports list esfenvalerate and fenvalerate as
separate analytes, but we treated them as a single analyte and
added each isomer at 50 ng g−1 in the pesticide mixture.
Fig. S11‡ shows baseline separation between the enantiomers,
with only m/z 167 / 77 yielding a weaker signal than the other
MS/MS ion transitions. In the case of fenpropathrin in Fig. S12,‡
the interferant was attributed to bis(1-phenylethyl)phenol, as
shown in Fig. 4 for bifenthrin and Fig. 5 for l-cyhalothrin.
Unlike those situations, them/z 181 ion and its MS/MS fragment
for fenpropathrin were not fully separated from the last inter-
fering peak. Yet again, the lack of sensitivity of other ions for
fenpropathrin in orbitrap HRMS required the use of a rather
weak m/z 180.0807 ion to help with identication. This relative
lack of sensitivity is also shown in the gures for the other
pyrethroids.

4 Conclusions

Pyrethroids are challenging pesticides to analyze in multiclass,
multiresidue methods at regulatory levels in food and envi-
ronmental matrices. In this study, fast-GC Cold EI-SIM was
compared with LPGC-MS/MS and LPGC-orbitrap HRMS anal-
ysis of 9 pyrethroids added at 100 ng g−1 (75 pg injected analyte
amounts) in nal extracts of barley prepared using the QuE-
ChERSER mega-method. An additional 6 pyrethroids were
compared in the same way for the shared nal extracts by using
just the latter two analyzers. The results demonstrated that the
targeted methods (Cold EI-SIM and MS/MS) achieved similar
analyte detectabilities, yielding LOQs and LOIs oen <10 ng g−1,
and sometimes <1 ng g−1, depending on the specic pyre-
throids, ions chosen, and background interferences. The non-
targeted orbitrap instrument generally yielded 3-fold higher
LOQs, but due to the nature of standard EI fragmentation of
pyrethroids, the low relative abundances of the second ion oen
led to even higher relative LOIs vs. the targeted methods. In MS/
MS, the same high intensity fragment ion could be used
multiple times as a precursor to provide quantidentication at
ultratrace levels in the complex matrix. In Cold EI, the base ion
peak plus the enhanced M+ and its isotopologues could be used
to generate enough ions for reliably sensitive and selective
detections.
This journal is © The Royal Society of Chemistry 2024
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With respect to chemical noise, only a single barley matrix
component was found to interfere for one ion used to quanti-
dentify one pyrethroid in the study (m/z 123 for cyphenothrin,
which could have arisen from a mistake in MS/MS). Despite the
high degree of selectivity that each type of MS analyzer
provided, several reagent background and analyte-to-analyte
interferences were encountered in all 3 techniques. The fast-
GC methods were devised for high sample throughput, not
fully resolved separations, and many of the interfering peaks
came from other pesticides and environmental contaminants
among the 322 analytes added to the nal extracts. Due to the
rarity of multiple interfering residues occurring in the same
samples in practice (see Fig. 3 and S1‡), analyte-to-analyte
interferences were discounted. The same problem occurs in
traditional GC separations of so many analytes, too. The analyst
can easily notice the presence of multiple analytes in those rare
instances and re-analyze the sample using an alternate method
if needed.

Unfortunately, interferants from nitrile gloves ruined the
ability of MS/MS to quantidentify deltamethrin in the study, but
again, the problem arose due to a mistake in the choice of ion
transition used for that analyte. The interferants also affected
ions used for fenpropathrin, bifenthrin, and l-cyhalothrin, but
those analytes could still be quantidentied in the study by
using other options.
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